The role of apical and basolateral membranes in aldosteroneinduced active potassium (K) secretion in rat distal colon was investigated by measuring mucosal-to-serosal (Jm) and serosal-to-mucosal (s.m) 42K fluxes (jueq * h-.* cm-2) across isolated stripped mucosa under short-circuit conditions in normal and secondary-hyperaldosterone animals. In normal colons mucosal tetraethylammonium (TEA; 30 mM) or barium (Ba; 5 mM), but not cesium (Cs; 15 mM), reduced J,. without affecting J.s. In aldosterone animals (a) net K secretion (-0.54±0.11) was converted to net K absorption (0.63±0.15) by mucosal TEA, which produced a marked reduction in J,. 
Introduction
Aldosterone stimulates active potassium (K) secretion in the mammalian colon (1) (2) (3) . Studies of aldosterone-induced active K secretion in the distal colon of the rat in vitro have demonstrated that this secretory process is Na dependent, Cl dependent, electrogenic, and amiloride insensitive (2) , whereas electrophysiologic studies have suggested that aldosterone may induce a tetraethylammonium-(TEA)' inhibitable K conductance in the apical membrane (4) . The role ofthis apical channel in K secretion has not been investigated, and it is not known whether this K channel is or can also be inhibited by other putative K channel blockers.
A portion of these studies has been published in abstract form (1988 1. Abbreviations used in this paper: G, conductance; I,, short-circuit current; Jm,, mucosal-to-serosal K flux; Je, net K movement; Jm, serosal-to-mucosal K flux; PD, transmural potential difference; TEA, tetraethylammonium chloride.
The uptake of K across the basolateral membrane of colonic epithelial cells can be mediated by two distinct transport processes: Na,K-ATPase and Na-K-2C1 cotransport. Hyperaldosteronism results in a significant increase in Na,K-ATPase activity (5) and the induction of electrogenic Na absorption (6) . It is most likely therefore that the Na,K-pump is (at least partially) responsible for the increase in K uptake across the basolateral membrane in hyperaldosterone animals. However, Na-K-2C1 cotransport process could also be involved in K secretion. This possibility is not unlikely because serosal bumetanide or furosemide, inhibitors of Na-K-2C1 cotransport, block prostaglandin E2, epinephrine, and adenosine-induced K secretion in rabbit colon (7, 8) and vasoactive intestinal polypeptide-induced C1 secretion in T84 colonic cancer cells (9) . Thus, it is not known whether the Na-K-2C1 cotransport contributes to K uptake across the basolateral membrane in aldosterone-induced K secretion, and if so, the relative contribution ofthe Na,K-pump and Na-K-2Cl cotransport to overall K secretion.
Schultz (see review, reference 10) has emphasized the importance of increased basolateral K conductance during situations in which there are enhanced rates of Na absorption and Na,K-pump activity. Thus, amino acid and sugar transport in the Necturus small intestine is associated with an increase in transepithelial Na absorption and basolateral K conductance (1 1); the addition of barium (Ba) to the serosal medium decreases both K conductance and Na absorption. Recently, studies by Dharmsathaphorn et al. (9) in T84 colon cancer cells have indicated that Ba-sensitive basolateral K channels may be important in cAMP-stimulated Cl secretion. The role, if any, of basolateral K channels in the aldosterone-induced K secretion is unknown.
This study was designed to provide additional characterization of the mechanism of aldosterone-induced active K secretion in isolated distal colonic mucosa of Na-depleted rats. Attention was primarily directed towards identification of the properties ofapical and basolateral K channels and the mechanism ofK uptake across the basolateral membrane. The results demonstrate that aldosterone-induced K secretion is associated with the stimulation (or induction) of TEA-sensitive and Ba-sensitive K channels in the apical membrane. Furthermore, these experiments establish a role for both Na,K-ATPase and Na-K-2Cl cotransport in aldosterone-induced K secretion by mediating the uptake of K across the basolateral membrane of the distal colon.
Methods
Two groups of nonfasting male Sprague-Dawley rats weighing 220-280 g were used in this study. Group 1 rats were normal animals fed a standard diet (Prolab 3000; Agway Inc., Syracuse, NY) containing 19 meq Na/ O00 g food and 24 meq K/100 g food. Group 2 consisted of rats fed a paste diet (prepared in our laboratory) to which Na was not added and contained 20 meq K,/100 g food. The Na-deficient diet was given for a period of 7-9 d before the experiments to induce secondary hyperaldosteronism; previous studies have demonstrated greater than normal animals (12) . This group of rats will be referred to as the aldosterone or Na-depleted group.
The procedure has previously been described in detail (6) . Approximately 15 min after mounting the last of eight segments, the transepithelial potential difference (PD) was noted, all tissues were then clamped to zero PD and the short-circuit current (I,,) was measured, and the conductance (G) was calculated as previously described (6) . The tissues were then paired on the basis of a conductance difference of < 10%.
Transmural fluxes of potassium from mucosa-to-serosa or serosato-mucosa were measured under short-circuit conditions using 42K as previously described (2, 6) . Under short-circuit conditions, net potassium transport (JK ) is active and defined as the difference between mucosal-to-serosal flux (Jns) and serosal-to-mucosal flux (JsKm). Posi 1.27±0.16 eq-h-'-cm-2, P < 0.005). Thus, net K secretion was converted to net K absorption (0.83±0. 16 geq * h-' cm-2). To test the specificity of the bumetanide effect, experiments were also performed in the Na-depleted group with 10 ,uM bumetanide ( Fig. 1 ). The effect of the addition of 10 gM bumetanide ( Fig. 1 ) was virtually identical to that observed with I mM bumetanide.3 10 IM bumetanide also increased the I., by 1.1±0.3 geq * h-' *cm-2 (P < 0.01).
Fig . 2 illustrates the results obtained with serosal addition of 1 mM ouabain (a large dose was used because ofthe known low sensitivity of rat tissues to glycosides) to the distal colon of Na-depleted animals. Ouabain converted net K secretion (-0.40±0.11 ,eq-h-' cm-2) to a large net absorptive flux (1.36±0.10 yeq * h-' . cm-2) as a result of a marked inhibition (-88%) and augmentation (-120%) in the active components of JK and JKS respectively. This was also accompanied by a marked reduction in the IS, from 6.2±0.4 to 1.9±0.2 ,geq -h-1 cm-2 (P < 0.001).
The increase in IS, (1.1±0.3 ,eq * h-' cm-2) in response to bumetanide (10 uM) is consistent with a decrease in electrogenic K secretion as this change was very similar to the change in JsK (-0.97 + 0.05 geq h-' cm-2). In contrast, although serosal ouabain decreased JK4 by an equivalent amount (-0.95±0.18 yeq -h-' . cm-2), the IS, was inhibited (by 4.3±0.4 yeq h-'cmI2) (Fig. 2) ; the latter effect reflected an inhibition of electrogenic Na absorption, which is present in aldosterone animals (6, 13). 4 Effect ofputative K channel blockers. The effects of putative K channel blockers were first studied in the aldosterone group, because in these animals a large K secretory flux was present compared to normal animals ( ,ueq * h-' cm2, respectively, P < 0.05). Mucosal Cs did not alter unidirectional K fluxes. Table III shows the results obtained with serosal addition of TEA, Ba, or Cs in the aldosterone group. Serosal TEA was ineffective in inhibiting either unidirectional K fluxes, and serosal Ba only marginally reduced J4s without a significant effect on any ofthe parameters measured. Serosal Cs, however, produced a marked effect on unidirectional and net K fluxes; et was reversed from net secretion to net absorption as a consequence of an -83% decrease in jK and -144% increase in J. In normal animals serosal Cs did not affect ms 0.74±0.10 vs. 0.78±0.09 eq* h.-l cm2, but JKm was significantly reduced: 0.56±0.07 vs. 0.27±0.02 eq h-' . cm-2 (P < 0.005). To distinguish whether the effect ofCs was due to an inhibition ofa basolateral K channel or an effect on basolateral Na-K-2Cl cotransport that exists in this tissue (see above), experiments were conducted in the absence of Cl from the serosal solution. Under these conditions the cotransport system would not be functional and any effect ofserosal Cs would be due to either competition for K uptake via the NaK-pump or an effect on basolateral K channel. The results ( [section D]) demonstrate that although J4 was significantly reduced, the absorption of Na (represented by the I,,) was unaffected and therefore, the Na,K-pump was still operative. Thus, Cs affects active K secretion primarily by inhibiting Na-K-2C1 cotransport system; the Na,K-ATPase appears to have an affinity for Cs resulting in a reduction in K uptake but without affecting pump activity.
The putative K channel blockers that were effective in blocking K fluxes across colonic mucosa of the aldosterone group, namely mucosal TEA or Ba, were further investigated to determine their effect on K transport in the colon of the normal rat (Fig. 3) . TEA reduced the active component of Sm by 100% to a value (0.21±0.02 ;eq * h-* cm2) representative of diffusional transfer2 but, because of a small reduction in Ms that is unlike that observed in the aldosterone group (Table   1. . This analysis suggests that in normal animals the apical K channel is both TEA-and Ba-sensitive, but that aldosterone induces (or activates) a new population of K channels which exhibit a greater sensitivity to TEA than to Ba.
Relationship between Na absorption and K secretion. A relationship between Na absorption and K secretion has frequently been suggested. However, previous studies in the distal colon of hyperaldosterone animals have demonstrated that amiloride has no effect on K secretion even though electrogenic Na absorption is inhibited (2, 13) . It is possible therefore, that K secretion could be sustained by serosal Na uptake alone when apical Na entry is inhibited. In this study when Na was absent from the serosal solution (but present in the mucosal solution), the active component of JK was reduced by -42% with no apparent change in Na absorption as indicated by the Is, (Table I) . Under these conditions the addition of mucosal amiloride (10 jM) resulted in a further substantial decrease in JsK simultaneous with a further rise in JKS, resulted in a large net absorption of K (Fig. 4) . At the same time the I, which reflects electrogenic Na absorption (2, 13) , was reduced from 7.6±0.6 to 1.8±0.1 jieq h--cm-2, P < 0.001. These results suggest that under certain conditions (i.e., when K and Na uptake via the basolateral Na-K-2CI cotransport system is inhibited) part of the K secretory flux appears linked to Na absorption.
Discussion
The movement of K in the rat distal colon is the result of both active and passive transport processes and both absorptive and secretory processes. In vivo there is net secretion that in large part represents potential dependent K movement (1). In contrast, under short circuit conditions net K absorption is observed that appears to be electroneutral, Na dependent, probably C1 dependent, and consistent with a K-H exchange (2). Active K transport can regulate net K movement in that K depletion augments active K absorption while aldosterone and K loading induce active K secretion (2, 14) .
This study was designed to characterize aldosterone-induced electrogenic K secretion in rat distal colon and has demonstrated that this transport process requires (a) both serosal Na and serosal Cl; (b) both the Na,K-pump and Na-K-2C1 cotransport for K uptake across the basolateral membrane; and (c) an aldosterone-induced apical TEA-sensitive, Ba-sensitive K channel for K exit across the apical membrane. A basolateral K channel appears to be absent based on sensitivity to the putative K channel blockers TEA, Ba, and Cs. In the normal colon the small active component of JKm could be completely accounted for by an apical TEA-or Ba-sensitive K channel and a basolateral Na-K-2C1 cotransport process. Role ofbasolateral Na-K-2C1 cotransport and Na,K-pump in K secretion. A Na-K-2C1 cotransport process exists in a variety of cell types and plays a central role in electrolyte and fluid transport in epithelial tissues (see review, reference 15). Two features of this cotransport systems are its specific inhibition by low dose (micromolar range) of the loop diuretic bumetanide and interdependency of ion fluxes. In this study K secretion (JsK) was dependent on both serosal Na and C1 (Table I) and was inhibited by serosal bumetanide (Fig. 1) . These experiments, therefore, indicate the existence of a Na-K-2Cl cotransport process on the basolateral membrane of the rat distal colon. 6 Moreover, it appears that a major portion of active K secretion is driven by this cotransport process since in the presence of 10 MM bumetanide,3 or in the absence of serosal C1, JK was reduced by 83 and 65%, respectively, in aldosterone animals. (In normal animals bumetanide reduced the small JK to a value equivalent to passive transfer.) In a similar study in rabbit descending colon, both basal and adenosine-stimulated JK were abolished in the absence of serosal Cl or Na, or with serosal furosemide, indicating that only K which enters via the basolateral Na-K-2Cl cotransport is available for K secretion (8) .
Chronic dietary Na-depletion results in a marked increase in Na,K-ATPase activity due to an increase in pump density in basolateral membrane (5) . The increase in K secretion during hyperaldosteronism could therefore be attributed to the increase in the Na,K-ATPase activity in the basolateral membrane (in addition to an increase in apical K conductance discussed below). Thus, serosal ouabain inhibited JK by -90% (Fig. 2) , to a value similar to that obtained with serosal 6 . Although bumetanide inhibits Na-K-2Cl cotransport as well as KCI cotransport and anion exchange, the ICO.5 ofbumetanide for Na-K-2CI cotransport is < 1 MM in flounder intestine (36) and rabbit thick ascending limb of Henle (37) . The comparable inhibition (approximately 75%) by I mM and 10,M bumetanide and the 45% inhibition ofthe active component ofJK by 1 M bumetanide indicates that the ICo.5 of bumetanide for K secretion is I MM and provides compelling evidence for the presence of Na-K-2Cl cotransport in the rat distal colon. bumetanide ( Fig. 1) , suggesting a relationship between the Na,K-pump and Na-K-2Cl cotransport such that both transport systems are required for K secretion. It is likely that the Na,K-pump maintains the transmembrane Na-gradient, which is necessary for normal operation of the cotransport process. Unlike bumetanide, however, ouabain produced a large decline in the I,,, indicating inhibition of electrogenic Na 16). Neither bumetanide nor removal of Cl from the serosal bathing solution reduced I,, (and thus did not affect the Na,Kpump) but markedly inhibited JKm ( Fig. 1 and Table I [section B]) suggesting that a major source of K for secretion is that which enters the cell via the Na-K-2C1 cotransport process.
Role ofapical and basolateral K channels. Numerous electrophysiological studies have established that K channels, exhibiting variable sensitivity to certain cations, exist in the apical and basolateral membranes of various types of epithelia and that a major function of these channels appears to be the regulation of transepithelial K movement (see review, reference 17). Studies in rabbit cortical collecting duct and distal colon demonstrate an apical membrane conductive pathway for K exit which is blocked by either TEA or Ba (7, 8, 16, (18) (19) (20) . In the rat distal colon, conventional microelectrode studies in our laboratory have indicated that a TEA-inhibitable K conductance is present on the mucosal side during chronic dietary potassium loading (4) . By using these putative K channel blockers the present study provides evidence to suggest that K exit across the apical membrane occurs via K channels since in the aldosterone rat mucosal TEA or Ba, but not Cs, prevented net K secretion (Table II) . Although both mucosal TEA and Ba completely inhibited active J.K in normal animals (Fig. 3) , their effect in the aldosterone group was strikingly different.5 TEA in Na-depleted animals resulted a substantial (80%) reduction in the active component of JsK, but Ba reduced this component by only 42%. These data can best be interpreted to indicate that aldosterone induces (or activates) a new population of K channels which exhibit a higher sensitivity to TEA than to Ba, whereas in normal animals the apical K channel is TEA and Ba sensitive. Similar findings were recently reported (21) (24) .
Although serosal Cs markedly decreased K secretion, this effect is not primarily a direct effect of Cs on a basolateral K channel for the following reasons: first, in the absence of serosal Cl when Na-K-2C1 cotransport is inhibited, the effect of Cs on JKm was small (and may be due to interaction with the Na,K-pump; see reference 25) compared with that in normal Ringer's (Table III [section C and D]). Second, if Cs blocks a basolateral K channel, then its addition to the serosal side should reduce the activity of the Na,K-pump by virtue of decreasing K cycling, which should result in a reduction in electrogenic Na absorption in the aldosterone animal. Such effects have been observed in Necturus urinary bladder, where addition of serosal Ba reduced basolateral K conductance and blocked apical Na channels as reflected in the increase in basolateral and apical membrane resistance, respectively (26) .
Our results demonstrate that the elevated Ik, an indicator of electrogenic Na absorption, was not reduced in the presence of serosal Cs (Table III [section C] ). Together, these findings argue against a Cs-sensitive basolateral K channel and indicate that Cs inhibits Na-K-2Cl cotransport. Of interest is evidence in rectal gland plasma membrane vesicles that Cs interacts with the Na-K-2CI symporter without being transported (27) .
Relationship ofK secretion to Na absorption. Traditionally the Koefoed-Johnsen and Ussing model for active Na absorption implies that K uptake across the basolateral membrane is linked to the simultaneous absorption of Na, as would be expected from the coupling between Na efflux and K influx, and mediated by the basolateral membrane Na,K-ATPase (see reference 10). If such a relationship exits, amiloride, which inhibits electrogenic Na absorption, should inhibit K secretion. Studies that have examined this relationship have not always observed such inhibition of K secretion by amiloride. In general, experiments performed under open circuit conditions have shown an inhibition of K secretion (simultaneous with inhibition of Na absorption), e.g. in rabbit cortical collecting tubule (28, 29) , whereas those performed under short circuit conditions have not, e.g. in rabbit colon (7, 8, 30) . It is likely that the inhibition of K secretion by amiloride under open circuit conditions is due to a decrease in potential-dependent K secretion and not to an effect on active K secretion. In distal colon of Na-depleted rats amiloride-sensitive Na absorption is the predominant Na transport process (2, 6) , but in Ringer's solution, under short circuit conditions, amiloride has not inhibited active K secretion (2) . In contrast, in the absence of serosal Na in aldosterone animals mucosal amiloride resulted in a prompt reduction in both the ISC and J~, (Fig.   4) . Since a close coupling between Na absorption and K secretion is only observed (Fig. 4) when the basolateral Na-K-2Cl cotransport system is inhibited, we interpret these results to indicate that the major fraction of K secretion is derived from Na-K-2CI cotransport which is not linked to Na absorption.
These results also suggest that a portion of K (Tables I and II; Figs. 1, 2 , and 4). These results suggest that a subpopulation of colonocytes might contain both the K absorptive and K secretory processes because there was significant correlation (P < 0.02) between inhibition ofJsj and augmentation of JKs (Fig. 5 ). In the absence of more definitive information we would speculate that these two transport processes may also reside in separate cells. The mechanism responsible for this coupling between bidirectional transepithelial K movement is unknown but a reasonable explanation could be advanced based on our results and the arguments presented previously by Wills and Biagi (31) . In rabbit descending colon (31, 32) and in rabbit (33) and Necturus (34) gallbladders intracellular K activity is normally above its electrochemical equilibrium and within the range of 73-86 mM. This would provide the gradient for conductive K exit across the apical membrane. Indeed, in guinea pig distal colon, high K concentration (105.4 mM) in the mucosal bath abolished the I, and therefore, K secretion (21) . As a result, it is reasonable to suggest that the following speculation may explain the relationship between the decrease in jK and the increase in JKs. A decrease in uptake of K across the basolateral membrane most likely decreases intracellular K activity and thereby reduces the potential across the apical membrane. The resulting decrease in apical membrane K conductance would lead to a decrease in apical membrane K recycling and thus an increase in JKs. It is most likely that the increase in JKj occurs in aldosterone but not in normal animals since there is a three-fold increase in Jmax, without a change in Km of the active K absorptive process in aldosterone compared to nor- AJKm (iEq-h-1.cm2) Figure 5 . Relationship between inhibition of serosal-to-mucosal (Jrs,) and stimulation of mucosal-to-serosal (J',) K movement after alteration of basolateral K uptake in the aldosterone group. AJKS and AJSU represent the difference between control values and those measured after inhibition of basolateral K uptake (see Tables I [sec mal cells (35) . However, the available data do not permit a definitive conclusion whether the K absorptive and secretory processes are only located in one cell type or are also present in different epithelial cells. In summary, these findings demonstrate that in the normal rat distal colon, in which there is net K absorption in vitro under short-circuit conditions, the small JKi could be completely accounted for by an apical TEA-or Ba-sensitive K channel and a basolateral Na-K-2C1 cotransport process. In the aldosterone animal, net K secretion is associated with the stimulation (or induction) of K channels in the apical membrane that are sensitive to both TEA and Ba and requires Na,K-ATPase and Na-K-2C1 cotransport for K entry across the basolateral membrane.
